ABSTRACT Eye movements have been proven the most frequent of all human activities; therefore, research on a relationship between different eye movement patterns become a hotspot in human-computer interface fields. The motivation of this paper is to develop a reading auxiliary apparatus by measuring and analyzing the electrooculography signals. We first describe the saccade detection algorithm based on the wavelet packet decomposition and the derivation blink detection algorithm. Furthermore, consecutive blinks were used to control the system's working state and a magnifier, whose position is adjusted according to the results of saccade detection. Experiential results on six participants show that recognition accuracy ratio (F1 score) is 90.096%, which reveal that the proposed system has a good recognition performance on reading activity detection and analysis.
I. INTRODUCTION
Reading is an important method of acquiring knowledge as well as the foundation of other learning development. In order to help the physically disabled people who have extremely limited peripheral mobility but still retain eye motor coordination, especially for the elder people to keep the fluency of reading, we developed an effective and convenient reading auxiliary device to achieve this function. Acquisition of the fixation focus is a crucial problem when the participant is reading.
Three main approaches have been proposed, i.e., the contact-free video sensor, eye-tracking glasses and contact bio-sensor. On the one hand, the video-based method has become a typical application of contact-free sensor. On the other hand, it is vulnerable to light environmental impact, with demanding video processing tasks requiring bulky auxiliary equipment. Compared to contact-free video sensor, there are several advantages of using eye tracking glasses. They are wearable, accurate, robust and objective, and a lot of parameters related to eye movement are recorded. However, it is so expensive that cannot suitable for general use. To effectively overcome aforementioned disadvantages, the contact biosensor-based approach has attracted considerable attention in recent years, especially for electrooculography (EOG). The most important advantage of EOG is the fact that the weight of acquiring equipment is light compared with classical video instruments, which contributes to personal feelings. In addition, it takes into account the natural behavior and unrestricted physical activity in operating procedure. Furthermore, EOG is an inexpensive method for eye movement recordings and can be implemented by using wearable sensors [1] - [5] . Therefore, the EOG-based reading auxiliary method has a significant potential research and application value in improving the quality of life.
The detection and recognition of different types of eye movement are a key issue in EOG-based human computer interaction system. Recently, some methods have been proposed to achieve this function [6] - [13] . In which, Barea has proposed a method of using eye-gaze direction to distinguish different eye movement signals and controlled a wheelchair successfully [6] ; Septanto has proposed a computer mouselike device controlled by eye movement and voluntary eye winks [7] ; Iáñez used the position of the eye at the blink of user to control a robot arm [8] , etc. These methods, however, mainly focused on recognition of non-natural eye movement, that is, EOG signals were generated by the participant active controlling. Generally speaking, the participant should be required to control some characters of EOG signals to increase the accuracy ratio, such as amplitude, duration and so on. On the contrary, reading EOG is a natural eye movement signals, which make more strict demand on analysis and recognition compared with traditional EOG recognition algorithms.
In this paper, we proposed a Reading Auxiliary Apparatus (RAA) based on analyzing reading EOG, which can zoom up the size of words synchronously according to the position of reader's fixation focus. The system consists of four modules, namely: (1) acquisition signals module. 6 bio-electrodes were placed around the participant's eyeball and used to collect horizontal and vertical eye movement signals respectively. (2) signal pre-processing module. A band pass digital filter (cut-off frequency is 0.1-10HZ) was adopted. (3) basic eye movement types detection module. According to the characteristic of reading EOG signals, the basic eye movements were defined as two classes, i.e. saccades and blinks, the wavelet packet decomposition was employed to detect the former one and the derivation method was applied to detect the latter one. (4) humancomputer interface. Different numbers of consecutive blinks were converted into the magnifier's state controlling commands (ON/OFF), and saccade commands were utilized to adjust the position of the magnifier.
II. BACKGROUND
Eyeball can be regarded as a dipole, where cornea acts as the positive pole and retina acts as the negative pole (shown in Fig. 1 ). In general, the magnitude of the potential difference between two poles is about 0.4mV-1.0mV. When the eyeball moves from the center position toward the periphery, the retina approaches one electrode while the cornea approaches the opposing one. This variation in dipole orientation causes a change in the electric potential field and can be recorded by EOG. According to the characteristics of reading EOG, three main types of eye movement are defined as follows.
A. SACCADES
When participants move their eyes around and locate interesting parts of the scene to build up a mental ''map'' [14] , the simultaneous movement of both eyes in the same direction is called a saccade. Eye movements during reading are characterized by a typical sequence of small and large saccades: the small variations of the horizontal EOG correspond to saccadic eye movements, which are generated while the participant is reading word by word. Similarly, the larger one indicates the user moves his/her eyeballs from one line to the next.
B. FIXATIONS
Fixation is the static state which gaze is held upon a specific location. The term ''fixation'' can also be referred to the time between two saccades action, which is defined as the relatively stationary [15] . In the procedure of reading, successive fixation will be involved.
C. BLINKS
When the participant blinks, eyeball moves to the upward and moves back where it was, the blink, therefore, can be measured using vertical EOG signal components. The frontal part of the cornea is coated with a thin liquid film, the so-called ''precorneal tear film'' [16] . To spread this fluid across the corneal surface, regular opening and closing the eyelids are required. The average blink rate varies between 12 and 19 blinks per minute while at rest and the average blink duration is between 100ms and 400ms. Fig. 2 illustrates the aforementioned three kinds of eye movement. 
III. PROCEDURE
In the proposed system, consecutive two-blinks is converted into command ''starting the magnifier'' and three-blinks is ''closing it''. Moreover, the output of the saccade detection algorithm is applied to adjust the position of the magnifier. Fig. 3 shows the block diagram of the proposed RAA.
A. SIGNALS ACQUISITION
A Neuroscan system and the Silver-Silver Chloride (Ag-AgCl) electrodes are employed to acquire the reading EOG signal. The signals are sampled 250 times per second. In RAA system, we collect horizontal and vertical EOG simultaneously. Electrode V1 is fixed above the right eye while the electrode V2 is fixed below it in order to collect vertical reading EOG (EOG v ). Similarly, electrode H1 and H2 are fix on the outer side of each eye in order to collect horizontal reading EOG (EOG h ). The ground (G) is placed on the left mastoid and reference electrodes (R) is arranged in the right mastoid respectively. The positions of 6 electrodes are shown in Fig. 4 . 
B. PRE-PROCESSING
Generally, the highest frequency components of clean reading EOG signals are lower than 10Hz and based-line drift is lower than 0.2Hz [17] . In order to preserve the effective reading EOG component, remove based-line drift and suppress the noise more than 10Hz (such as high frequency component of different artificial sources, electrode's movement, power line noise, etc.), a band-pass digital filter with cut-off frequency of 0.5-10Hz is used.
C. DETECTION OF BASIC EYE MOVEMENT TYPES
In our work, we mainly focus on the detection of saccades and blinks in order to apply them to control the magnifier. Therefore, the accuracy of the detection algorithm directly determines the performance of the RAA. Because the traditional Wavelet Decomposition (WD) is carried out signal decomposition on the low frequency component, which lead to the ignorance of some valuable information from high frequency bands. In order to minimize the loss of the raw EOG signal information and improve the accuracy of recognition, the Wavelet Packet Decomposition (WPD) is adopted because of less decomposition redundancy and better performances in time-frequency localization analysis.
1) SACCADE DETECTION
Four thresholds on the WPD coefficients are used to detect saccades activity in horizontal eye movement signals (EOG h ). Furthermore, the string matching is applied to estimate whether the participant is reading.
a: WAVELET PACKET DECOMPOSITION
The preprocessed horizontal reading EOG are used as input signals. To start with, the WPD algorithm is utilized to calculate the wavelet packet coefficients at level 5, which decomposed by the db1 mother wavelet from the Daubechies family. Fig. 5 shows the preprocessed signal and decomposition results of the WPD algorithm. 
b: EOG MOVEMENT ENCODING
Firstly, we empirically select y 3 (shown in Fig. 5(d) ) as objective, and divide it into saccadic activity (small saccade, large saccade) and non-saccadic activity (no saccade) segment using four thresholds
. Furthermore, each saccade action is encoded into a character which represents the amplitude and direction of eye movement, that is, ''r'' means a small right-oriented saccade and ''l'' is a small left-oriented saccade. Similarly, ''R'' denotes a large right-oriented saccade and ''L'' is leftoriented. Therefore, the reading EOG signals can be characterized as a series of strings which consist of ''L'' and ''r''. The procedure of the detection and encoding are shown in Fig. 6 . Fig. 6 (a) and (b) are the preprocessed signals and the optimum WPD coefficients respectively. If the coefficient is greater than threshold L 1 or less than threshold L 2 , then it is defined as large saccade and encoded it into ''L''. In the same way, if the coefficient locates between S 2 and S 1 , it is defined as no saccade. And if it is between L 1 and S 1 or L 2 and S 2 , both of them are defined as small saccade and encoded into ''r''. The detailed procedure of the proposed detection and encoding algorithm is given in Table. 1.
c: READING ACTIVITY RECOGNITION
In order to estimate whether the subject is reading, we utilize the string matching algorithm to calculate the VOLUME 5, 2017 Levenshtein distance between the output string and the template string [17] . The Levenshtein distance between two strings is given by the minimum number of operations need to transform one string into the other, such as insertion, deletion, substitution of a single character, etc. Considering the existence of the error, we performed the following rules: when the distance is less than or equal to 1, the output string is the same as the template string, that is, the reading activity is correctly recognized. Otherwise, the result is wrong. The procedure of reading recognition algorithm based on string matching is shown in Fig. 7 .
2) BLINK DETECTION
A derivation method is utilized to detect blinks and steps are illustrated in Fig. 8 . By applying a threshold (th b ) on vertical FIGURE 7. Reading recognition algorithm based on string matching. ''Lrrrrrrrr'' is the initial template string, encoding string means the output from Saccade Detection unit, the number locates in the box of ''Levenshtein distance'' is the error distance, if it is less than or equal to 1, result is correct (Y), otherwise, result is incorrect (N).
reading EOG, a vector P can be obtained,
Where EA i is the amplitude of input EOG signal. The threshold th b is empirically set to 250. If the amplitude of EOG v is higher (lower) than the threshold th b , the vector P is set to 1, otherwise, it equals 0. In this way, some rectangular pulses can be acquired and Fig. 8(c) shows the waveforms.
Firstly, to detect blinks in a specified time period conveniently, the vector P will be processed by derivation method. As a result, the vector P changes into some positive and negative pulses. We get the number of blinks by counting the positive pulses and ignoring the negative ones. Next, the position of the first positive pulse is named S_point. When the second positive pulse comes, its position is named E_point. We use the interval time (IT, that is, E_point -S_point) between two blinks as basis of judgments to distinguish whether the blink is in a group of consecutive blinks or not. If the value of IT is smaller than 375 (the time is 1.5s at 250Hz sampling ratio), the RAA will recognize this process as a blink, and the number of blinks will be increased by one. When the third pulse comes, its position is marked ''E_point'' instead of the foregoing value, and then adjusts the IT again. If it is smaller than 375, the program will continue to increase the number of blinks, else it is recognized as the two independent blinks and the number of pulse is cleared.
Finally, the blinks and number of blinks are detected and displayed as shown in Fig. 8(d) . For instance, the interval of x1, x2 and x3 are smaller than 375, and x4 is larger than 375, segment A, therefore, are two consecutive blinks, and B are three consecutive blinks. Fig. 9 shows the flow chart of the RAA. The aim of the apparatus is to adjust position of the magnifier following the participant's fixation focus. Firstly, we should initialize the blink detection algorithm to control start/close the magnifier by vertical EOG signals, and then the saccade detection algorithm will work to adjust the position of the magnifier.
D. HUMAN-COMPUTER INTERFACE
In addition, to ensure the stationarity of input EOG signals and achieve an online detection, a frame blocking and windowing method are employed. During the procedure, each individual frame is windowed to minimize signal discontinuities at the beginning and the end of each frame. Let x(n) express a finite duration fragment of EOG signals, the windowing process is described as followŝ
wherex(n) is windowed signals, ω(n) denotes a Hamming window, that is
In the proposed algorithm, the length of window is 4 seconds and overlap is variable according to detection results. The detailed steps of frame blocking and windowing are described as follows:
Step 1: The pre-defined window is continuously slide, and it will pause once the blink detection algorithm detects two consecutive blinks, then the program will start the magnifier.
Step 2: The sliding window jumps to the end sample point of the two consecutive blinks, and then continue to perform the saccade detection algorithm in the pre-defined window until it detects ''r''. Subsequently, the magnifier is moved to the next word. During this procedure, if the detection result is ''r'' then repeat step 2, if it is ''L'', the program move to step3.
Step 3: The sliding window jumps to the end sample point of ''r'', and then continue to perform the saccade detection algorithm until it detects ''L''. Then the magnifier will jump to the beginning of the next line.
Step 4: The algorithm will stop the sliding window and close the magnifier until detects three consecutive blinks. 
IV. EXPERIMENT A. EXPERIMENT SETTINGS
To evaluate the proposed algorithm, we performed experiments with 6 subjects, including four females and two males in the age group of 23 ± 2 years. During the experiment, each subject read document continuously on computer screen and the context of the document is same, EOG signals will be recorded simultaneously. All experiments were performed in the laboratory environment, and the experimental scene is shown in Fig. 10 .
In the experiment, 30 sets of reading EOG data were collected from each participant. Additional, we used a standard document that only contains 8 characters in a row in order to easy to analyze. Therefore, the initial template string is set as ''Lrrrrrrrr''. 
B. RESULTS AND ANALYSIS
In order to evaluate the results of reading activity recognition, we calculated true positives (TP) false positives (FP), false negatives (FN), and F1 score
As shown in (4) and (5), TP sample which belongs to positive samples is determined to be positive samples. FP sample is a negative sample, but is also determined to be positive sample. In contrast, FN represents positive sample, but is judged to be negative sample.
1) OPTIMAL PARAMETERS SELECTION
Initial parameters of the WPD algorithm were empirically set to L 1 = 60, L 2 = −60, S 1 = 5, and S 2 = −5. S 1 and S 2 depend on the typical amplitude of a small saccade during reading, while L 1 and L 2 rely on the amplitude of a typical newline movement. The procedure of acquiring new thresholds using the increment (Inc) is shown in Fig. 11 . Furthermore, we execute the performance evaluation using different thresholds due to the recognition accuracy of the proposed algorithm is directly determined on the optimized threshold. The experimental results are shown in Fig. 12 .
Obviously, the average F1 score presents different performances under different thresholds. When Inc increases to 13, that is, L 1 = 73, L 2 = −73, S 1 = 18 and S 2 = −18, we get a maximum value (0.946), which means that the current threshold performs the best and the optimized threshold is found.
2) PERFORMANCE EVALUATION OF READING ACTIVITY RECOGNITION
Applying the optimal threshold parameters to all participants and the results are presented in Table 2 . As can be seen in Table 2 , the highest value of F1 score is 93.72%, and the average from all participants is 90.096%. Experimental results validate the effectiveness of the proposed algorithm. On closer inspection of Table 2 , it turned out that No.1 participant has obtained a lower performance in reading activity recognition. There are several possible reasons which lead to decrease recognition ratio. By analyzing the time-domain waveform, the underlying reason is that some additional noises are produced due to the body slightly and involuntarily swaying during the acquisition period. Besides, varying degrees of pathologic nystagmus also affect the recognition results. Nystagmus is a form of involuntary eye movement that is characterized by alternating smooth pursuit in one direction and saccadic movement in the other direction. The horizontal EOG signal component turned out to be severely influenced by the nystagmus and no reliable saccadic information could be extracted.
V. CONCLUSION
In this paper, a EOG-based RAA has been developed. The consecutive blinks are applied to control the opening and closing the magnifier. Meanwhile, the saccade commands were used to control positions of the magnifier. From the result of analysis, the reading activity is recognized under the average F1 score of 90.096%. Experimental results demonstrate a good reading activity recognition, which presents an excellent performance in reading state analysis and detection.
The investigation of the proposed RAA would be a promising tool to improve the quality of our life, by providing a feasible human computer interaction. In this research, we mainly concern on recognition and analysis of unit saccadic EOG signals. Nevertheless, because of the difficulty in acquiring additional eye movement features, such as micro-saccades, slow-speed eye movement, pupil dilation, etc., they were not included in this paper. These features may play an important role in the RAA. Therefore, our future work should prioritize research to collect and analyze them as they carry more information which complements that available in the current system. RUI OUYANG received the B.E. degree in computer science and technology from Anhui University, Hefei, China, in 2015, where she is currently pursuing the M.E. degree. Her current research interests include biomedical signal processing and human-computer interaction. 
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